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In vitro cytotoxicity of polymer-carriers, which in the side chains contain the cholinum ionic liquid units with chloride
(CI) or pharmaceutical anions dedicated for antituberculosis therapy, i.e., p-aminosalicylate (PAS) and clavulanate
(CLV), was investigated. The carriers and drug conjugates were examined against human bronchial epithelial cells
(BEAS-2B) and adenocarcinomic human alveolar basal epithelial cells (A549) as an experimental model cancer
cell line possibly coexisting in tuberculosis. The cytotoxicity was evaluated by MTT test and confluency index, as
well as by the cytometric analyses, including Annexin-V FITC apoptosis assay. The polymer systems showed
supporting activity towards the normal cells and no tumor progress, especially at the highest concentration (100
pg/mL). The analysis of cell death did not show meaningful changes in the case of the BEAS-2B, whereas in the
A549 cell line, the cytostatic activity was observed, especially for the drug-free carriers, causing death in up to 80%
of cells. This can be regulated by the polymer structure, including the content of cationic units, side-chain length
and density, as well as the type and content of pharmaceutical anions. The results of MTT tests, confluency, as well
as cytometric analyses, distinguished the polymer systems with CI/PAS/CLV containing 26% of grafting degree and

43% of ionic units or 46% of grafting degree and 18% of ionic units as the optimal systems.

graft copolymers PIL ionic conjugates cytotoxicity antituberculosis drugs

| 1. Introduction

In medicine, nano-sized materials can be applied as drug vehicles W&, where polymer-carriers improve a drug’s
effect on the body through controlled release B4, They are beneficial for limiting the side effects of low molecular
weight medicine, i.e., exceeding the permissible dose of the drug Bl In drug delivery systems (DDS), the bioactive
substances can be loaded/encapsulated via physical interactions or chemically attached by a polymer matrix. The
latter, known as the polymer-drug conjugates R8I are characterized by their stability, depending on the type of

bonding, which requires the presence of specific sites in the polymer chain to ensure drug conjugation.

lonic strength seems to be advantageous for ionic drug attachment B2, |n these cases, the carriers contain ionic
groups, which are usually provided by ionic liquids (IL) as suitable (co)monomers introduced into the polymer chain
(20I11]i12]  Many of them are known as biocompatible, especially those based on choline chloride with cationic
trimethylammonium groups SI4IISIIAGILT]  Moreover, many poly(ionic liquid)s (PILs) are non-toxic in nature and
show biological activity, which is desirable in medicine 2819, The carriers varied with structure and topology based
on ILs have been designed via amphiphilic linear polymers, i.e., from vinylimidazolium 29 imidazolium 24,
pyridinium 22 or guanidinium—type IL 22, Numerous reports have been devoted to the use of phosphorylcholine IL

as a co-monomer to obtain linear block copolymers 24231 whereas those with graft topology and containing ionic
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units, i.e., imidazolium 28 or choline-type IL 2227 in the side chains, have been investigated with significantly
lower attention. In the case of the ionic polymer structure, drugs can be carried in ionic form as counterions, i.e.,
nicotinic, salicylic, ampicillin, naproxen, ibuprofenate anions (28112911301 55 well as in nonionic form as loaded guests

1 or both forms as the systems for combined therapy 22,

Drugs released from carriers travel along the body, where both the polymer and the active substance may have a
direct effect on normal and diseased cells. Therefore, the optimal pharmacokinetics in correlation with the selective
cytotoxicity of DDS is crucial in pharmaceutic therapy, where drug activity is expected toward diseased cells and
can be utilized against tumor cells. Basic research to understand how a drug or carrier will respond in the body is
supported by cell line assays [2l. Using in vitro models, with normal epithelial BEAS-2B and cancer A549 cells
existing in a human respiratory system, the biological activity of tested compounds could be described. For further
applications, most of the inhaled agents against different human diseases, such as tuberculosis, in the preliminary
studies were tested using a standard cytotoxicity assay. Not only active substances but also components of drug
delivery systems should be carefully studied in the first step of potential application. Contamination of the
physiological microbiome of the human respiratory system with malignant pathogens could result in diseases. The
main goal of a novel drug should be focused on the intelligent selectivity, with neutral action against healthy cells,

cytostatic action against cancer cells and antimicrobial activity against resistant pathogens.

lonic drug-carrier conjugates based on graft copolymers containing ionic liquid units in the side chains, i.e., (2-
trimethylammonium)ethyl methacrylate and methyl methacrylate copolymer (P(TMAMA-co-MMA)), have been
designed to attach to ionic drugs, such as p-aminosalicylate (PAS) and clavulanate (CLV), which are common
drugs used in lung diseases treatment, especially tuberculosis 4. The infected cells are easily exposed to other
pathogens, i.e., responsible for progress of cancer cells. Therefore, the drug systems were tested on human
bronchial epithelial (BEAS-2B) as normal cells to check their non-toxic activity and adenocarcinomic human
alveolar basal epithelial cells (A549) cells to exclude their supportive effect on tumor cells. PIL carriers varying with
the type of counter ions, that is, Cl, PAS or CLV, were selected for the evaluation of cytotoxicity, which may be
adjusted by possible correlations with the polymer structure parameters (content of TMAMA units, grafting degree
and length of side chains). This verification was supported by in vitro cytotoxicity tests, that is, the colorimetric tests
applying 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT), as well as cell cycle and apoptosis

assays with the use of flow cytometry.

| 2. MTT Cytotoxicity Assay

During the colorimetric assay, due to the mitochondrial reductase, the reaction substrate yellow water-soluble 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is modified by mammalian cells. The insoluble
purple product (E,Z)-5-(4,5-dimethylthiazol-2-yl)-1,3-diphenylformazan (formazan) directly appertains to the
number of living cells evaluating a drug system's effect on proliferation [B4I33IS6IE7] - Cell viability assays were
performed at a series of concentrations (100-3.125 pg/mL) of nanocarriers I-1V, without pharmaceutical anions
and their conjugates with PAS™ and CLV™ (Figure 1). The inverse relationship of the action on BEAS-2B and A549

cell lines suggests that the compounds are selective for normal and cancer lung cells.
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copolymers |, II, lll and IV (a,d), and their conjugates with PAS (b,e) and CLV (c,f) at different concentrations for

treatment of A549 and BEAS-2B cell lines, after 72 h of incubation in comparison to the untreated controls (100%).

| 3. Cytometric Analyses by Flow Cytometry
3.1. Apoptosis Assay

Flow cytometry is currently used for observing changes in the cell cycle generated by drugs, apoptosis and cell
cycle assay B8IE24AEL ce|l death occurs as a result of the cytotoxic effect. Both the programmed death and the
sudden, uncontrolled death may occur to cause cell damage (i.e., in response to the compound action). Flow
cytometry allows understanding the processes in cells, permits the determination and analysis of the parameters of
normal cells, as well as the cytotoxicity of compounds, especially due to tumor cells. The uncontrolled ability to
reproduce, characteristic drug and apoptosis resistance are specific to cancerous cells. In this study, the Annexin-V
apoptosis assay was performed to describe the type of cell death induced by a system solution with the drug using
the respiratory BEAS-2B and A549 cell lines and 100 pg/mL of free carrier/conjugate dose.

The A549 treatment effects indicated an increase in the necrotic state of cell death (Figure 2a, Table S1). The
topology, number of side chains, and content of trimethylammonium groups, such as the type of conjugated anion,
had a significant effect on cell death. The most visible changes were caused after treatment with free carriers |
(A-/Pl+ = 48.8%), Il (A—/Pl+ = 48.1%) and lll (A-/Pl+ = 53.0%) in comparison to control cells (A-/Pl+ = 21.3%).
Furthermore, an increase in the apoptotic state (A+/Pl- and A+/Pl+) was noticed for the treatment with free carriers
(I: 9.2%; 11: 19.0%; IIl: 14.6%; 1V: 5.0%), where for the control cells, it was equal to 0.04%. Most cells survived after
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treatment with 1V, similar to CTR cells (A—/Pl- = 75.2%, 78.66%, respectively). The addition of PAS™ did not have a
large impact on the change in the number of living cells. In the case of |_PAS and IV_PAS, the apoptosis phase
(A+/Pl- and A+/Pl+) increased to 12.8% and 2.9%, respectively. Similarly, the treatment with CLV systems resulted
in adaptation and increased cell survival. Generally, the free carriers containing trimethylammonium groups with
chloride counterions showed anti-tumor action against the A549 cell line, with an exception for IV, which can be
explained by the low content of TMAMA units in relatively short side chains densely grafted on the backbone. This

effect was also reduced by the presence of pharmaceutical anions, such as PAS, and especially CLV.
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Figure 2. Annexin-V apoptosis assay results for (a) A549 and (b) BEAS-2B cell lines after the treatment of free

carriers/conjugates and 72 h of incubation.

The results for the BEAS-2B cell line also demonstrated the increase of necrotic state in comparison to the control
(CTR A-/PI+ = 2.2%) (Figure 2b, Table S2). The changes were especially noticeable for cells treated by free
carriers I, Il and their conjugates 1I_PAS, Ill_PAS, Il_CLV and lll_CLV. A slightly lower effect was noticed for graft
copolymers | and IV bearing CI7, PAS™ and CLV~, where the necrosis was two to four times higher than in the
control cells. However, the CLV anions had a greater effect on necrotic death. In each system, an increase in the
apoptotic state was observed; nevertheless, the PAS conjugates had a minor effect. Most importantly, these
systems had no significant effect on the alteration of cell survival (A-/Pl- = 85.5%-93.7%; whereas CTR A-/Pl- =
97.5%), which suggests that tested carriers are non-toxic against BEAS-2B cell lines. The effects of polymeric
carriers and their conjugates on cells are presented on representative plots of cell populations in Figure
3 and Figure S2.
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Figure 3. Representative plots of Il and Il cell populations determined by flow cytometric analysis in (a) A549 and
(b) BEAS-2B cell lines.

3.2. Cell Cycle Analysis

Cytometric methods allow for the determination of the polymer sample effect on the cell cycle, which goes through
several phases (Figure 4). The phases start at zero, which is the resting phase (G0), then proceed to the cell
growth phases defined as cellular division and beginning of DNA synthesis (G1), then to replication (S) and mitosis
start (1), ending in mitosis of cells (M). Cell cycle analysis was performed in A549 and BEAS-2B lines treated by
free carriers and their conjugates with PAS or CLV in one dosage (100 pug/mL) and incubated for 72 h. The cell
lines were characterized by a natural rapid proliferation rate, and the extinction of cell cultures occurred in
untreated control cell wells due to the crowding and contact inhibition of cells after 72 h. Therefore, for both A549
and BEAS-2B, many cells died and appeared in the sub-G1 phase.
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Figure 4. Cell cycle analysis of (a) A549 and (b) BEAS-2B cell lines treated by carriers |-V or conjugates with PAS
and CLV.

In the case of the treated cells, the blockade of the cycle followed, and the GO/G1 and S phases increased relative
to the untreated control. Those changes mainly proved that the compounds were not cytotoxic to the tested cells.
Significant growth of the GO/G1 phase was also noted for the A549 cell line. The arrest in this phase means that
these compounds act as cytostatics and cause cell cycle disorders. The smallest effect was supported by CLV
conjugates, while the cells have been trapped in the S phase. Similarly, the BEAS-2B cells were arrested in the S
phase after treatment by all systems. Because of the polymer system action, which could act as an intercalator, the
replication was blocked. Nevertheless, in the S phase, there is a chance that the repair systems of cells and cell
division will take place. The I/M phase did not change significantly after drug treatment for both A549 and BEAS-2B

lines. The detailed data of cell cycles are presented in Tables S3 and S4.

| 4. Conclusions
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In vitro cytotoxicity evaluation of choline graft, polymer-carriers and their ionic PAS and CLV conjugates was based
on MTT, apoptosis assay and cell cycle analysis. These tests indicated a strong correlation between biological
action and carrier structure, including the type of attached pharmaceutical anions. Polymer systems with selective
activity caused a negative effect on the tumor (A549) cell line, while they did not trigger significant changes in the
normal (BEAS-2B) cell line. Moreover, the cytometric analyses proved the specific course of action. During studies
on the type of cell death, it was found that in comparison to the control cells, a greater number of A549 cells died,
mainly through necrosis. In turn, these compounds had no meaningful impact on BEAS-2B cells. Additional
confirmation was achieved by cell cycle determination. Such findings suggest the potential usage of novel drugs for
respiratory system diseases because of a wide application against cancer cells or pathogens (originated structures
were reported as antimicrobial). For further findings, the specific test for antituberculosis therapy using standard

assays should be performed 421,

The investigated ionic graft copolymers and their conjugates, previously tested for physicochemical evaluation, and
evaluated cytotoxicity in this report, fulfilled the basic criteria for drug delivery systems. They are promising carriers
of ionic drugs, especially those with a higher content of ionic units at lower graft density or lower content of ionic
units at higher graft density, which can be used in the future for the treatment of lung diseases, such as

tuberculosis, given the required specialized biomedical assessments.
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